The present research work is focused on optimisation of WEDM process parameters for machining of Nimonic-90. It is a nickel-based alloy possessing creep resistance and high rupture strength at high temperature (up to 950°C). Genetic algorithm (GA) and response surface methodology (RSM) incorporated with each other to optimise the process parameters. Four input process parameters viz. discharge current (Ip), pulse-off time (Toff), pulse-on time (Ton), and servo voltage (SV) have been investigated and modelled for surface roughness (SR) utilising RSM. In present experimentation, quadratic model has been suggested for surface roughness. Pulse-on time is most significant effect on surface roughness as compared to other parameters. Finally, genetic algorithm, a popular evolutionary approach is used to optimise the process parameters. Using SEM micrographs and micro-hardness profile, effect of discharge energy on surface morphology has been examined.
Introduction
Nickel-based heat resistant alloys are backbone materials for aerospace, petrochemical, nuclear reactors, medical, submarines and steam power plants (Arunachalam et al., 2004) . Aerospace industry is the main consumer for nickel-based super alloys along with titanium alloys in fabricating aero-engine parts such as combustion chamber, gas turbine blades, disks, vanes, etc. (Choudhury and El-Baradie, 1998; Ezugwu, 2005) .
Due to excellent heat resisting capacity, nickel-based super alloys are very difficult to machine even with carbide and ceramic tools. Use of PCD and CBN tools is also not much economical and efficient because of high cost as compared to carbide and ceramic tools. Machining of nickel alloys with conventional processes creates built up layer on cutting tool face resulting large crater wear and poor surface integrity involving several surface defects such as surface drag, material pull-out/cracking, tearing surface, etc. (Herbert et al., 2012; Kortabarria et al., 2011; Ulutan and Ozel, 2011) . These surface defects significantly lower the fatigue life of nickel-based aero-components. Due to these limitations non-conventional machining methods were adopted for the processing of nickel-based super alloys. These non-conventional machining methods improve the surface finish, surface integrity and fatigue life of machined components.
In contrast to conventional machining process, non-conventional methods can be proved more economic and efficient in precise machining of wide range of materials ranging from die steel to the high temperature resistance super alloys (Kuruvila and Ravindra, 2011; Jabbaripour et al., 2012) . Out of available non-conventional methods, thermo-electric [wire electric discharge machining (WEDM)] machining method proven to be most economic. In this process, the spark generated between the tool and electrode is utilised for the machining of materials. The conductive materials can easily be machined by this process, regardless of the hardness of material. The gap between the tool and electrode can be maintained with the help of micro-processors present in the machine tool. The schematic of WEDM is shown in Figure 1 . A number of researchers worked on processing of different materials and is explained in following paragraphs. Tosun et al. (2003) found experimentally that the increasing open circuit voltage, pulse duration and wire speed; increase the surface roughness whereas the increasing dielectric fluid pressure decreases the surface roughness in WEDM of SAE 4140. The level of importance of the machining parameters on the workpiece surface roughness is determined by using analysis of variance (ANOVA). Mahapatra and Patnaik (2007) planned the experiments using Taguchi's parameter design, significant machining parameters affecting the performance measures are identified as discharge current, pulse duration, pulse frequency, wire speed, wire tension, and dielectric flow are the inputs process parameters along with material removal rate, surface finish and kerf width as response variables. Genetic algorithm (GA), a popular evolutionary approach, is employed to optimise the wire electrical discharge machining process with multiple objectives. Spedding and Wang (1998) optimised the process parameters of WEDM for the response variables (surface finish and machining productivity) combinations by modelling the process using artificial neural networks (ANNs) and characterises the WEDMed surface through time series techniques. A feed-forward back-propagation neural network based on a central composite rotatable experimental design is developed to model the machining process. Baraskar et al. (2013) developed an empirical model for relating the surface roughness and metal removal rate (MRR) to machining parameters like pulse-on time, pulse-off time, and discharge current. Response surface methodology (RSM) has been applied for developing the models using the technique of design of experiments (DOE) and multi-linear regression analysis. The developed empirical models are used for optimisation. Non-dominating sorting genetic algorithm-II is used to obtain the Pareto-optimal set of solutions for a multi-objective optimisation. Sharma et al. (2015b) investigated the cutting rate, surface roughness (SR) and dimensional shift of NiTi using WEDM process by RSM. Pulse-on time (Ton) and servo voltage (SV) have been found to be the most significant factors for CR. Sharma et al. (2013) investigated the effect of process parameters on the cutting speed and dimensional deviation while machining the HSLA steel on WEDM. The mathematical model has been developed with the help of RSM is used to find out the optimum machining parameters. optimised the multiple responses in WEDM of tungsten carbide composite, using Taguchi method along with entropy and grey relational analysis. Six input parameters were investigated for three response characteristics namely MRR, SR and RoC. Hewidy et al. (2005) correlated the various WEDM parameters such as water pressure, wire tension, duty factor and peak current with the performance outputs namely wear ratio, MRR and SR in WEDM of Inconel 601. Ramakrishnan and Karunamoorthy (2008) optimised the MRR and SR simultaneously in WEDM of Inconel 718 by ANN. Taguchi's L 9 orthogonal array was utilised for planning and conducting the experiments.
Nimonic-90, a nickel-chromium-cobalt alloy, is most suitable for high temperature applications (600°C to 900°C). Due to high creep resistance and high rupture strength at high temperature (up to 950°C), it is mainly employed in turbine blades, combustion chamber and other engine parts of aero-space. But till now a few research has been found on this material by WEDM. An optimisation of the machining parameters is required to obtain an optimum value of response variable. This optimisation carried by different researchers in different fields like machining, portfolio selection, technology selection etc. (Padhi et al., 2014; Eshlaghy and Razi, 2015; Razi et al., 2015; Mutingi, 2016) . So, in the present research work, RSM and GA are used together to establish parameter optimisation model for Nimonic-90 in WEDM. RSM model has been used to correlate the input variables process parameters to surface roughness of machined surface. GA has been employed to obtain an optimal combination of process parameters when one model is present for optimisation. Other algorithm-based techniques requires initial testing and data as compared to GA which requires only model. Effect of discharge energy has been examined on surface characteristics by scanning electron microscope (SEM).
Experimental procedure
In present work, experiments were conducted on five-axis sprint cut (ELPUSE-40) WEDM fabricated by Electronic M/C Tool LTD India. Performance of WEDM depends on setting of process parameters. Following section discusses the work material, machining parameters and experimental design for present investigation.
Work material
Nimonic-90, a nickel-based super alloy containing 60% Ni, 19.3% Cr, 15% Co, 3.1% Ti, and 1.4% Al, hot forged in rectangular sheet of 12.5 mm thickness; has been selected as workpiece material. It has 8.18 g/cm 3 density and 220 GPa modulus of elasticity. Using WEDM, work material was machined and samples were obtained in the form of rectangular punches of dimension 5 mm × 6 mm × 12.5 mm.
Machining parameters
In this study, four machining parameters namely viz. Ip, Ton, SV and Toff have been selected as variable parameters while parameters under the category of wire electrode and dielectric conditions have been assigned a constant value. The brief details of these parameters are as follows:
Wire electrode material must be conductive and should have good tensile strength to bear the requisite wire tension. Coating of wire electrode should possess high melting point and small work function to uphold high discharge energy (Prohaszka et al., 1997) . Therefore, a brass wire (zinc coated) of diameter 0.25 mm has been selected as wire electrode. A constant value of 5 m/min has been assigned to wire feed rate with adequate wire tension of 10 N. All experiments were conducted at zero wire offset value.
Dielectric fluid should be easily available at low cost, good dielectric strength, non-corrosive and non-toxic. Unlike, EDM, dielectric storage in WEDM is high and distilled water is available very cheaply and easily. Therefore, distilled water having conductivity 20 mho has been utilised in present study. High flow rate (i.e. 12 litres per minute) of deionised water results into complete and quick removal of the melted debris.
Discharge parameters namely pulse-on time (Ton), discharge current (Ip), servo voltage (SV) and pulse-off time (Toff) controls the discharge energy across the work material and wire electrode and hence affect the phenomenon of ionisation of spark gap. Selected range and levels of four variable parameters has been listed in Table 1 . 
Measurement of performance characteristics
In present work, SR was measured and empirical models have been developed. SR is an easily measurable parameter that helps a tool manufacturer to make a quick decision about the process parameters setting. Surface roughness (R a ), were determined by SURFPAK-EZ (SV2100) roughness measuring instrument made of Mitutoyo, Japan. Beside this performance characteristic, effect of discharge energy on surface has been also examined.
RSM and DOE
RSM is an anthology of mathematical and experimental system that requires sufficient number of experimental data to evaluate the problem and develop mathematical models for numerous input variables and response variables (Hewidy et al., 2005; Cochran and Cox, 1962) .
where (Y) -response, (x i ) -input variables. e r -measures the experimental errors. Φ -response surface. In present study, four numerical variables are set at three levels. Therefore, second order experimental design known as Central Composite Design (face centred) has been espoused for scrutinising and modelling the machining parameters for different performance characteristics. This design consists of full factorial having 30 runs including six central points. Using Design expert (DX-8) a statistical tool, face centred central composite design (Table 2) has been generated for four input variables. 
Result and discussions
Experiments were planned and executed according to design matrix shown in Table 2 and surface roughness was measured. Goodness of fit for model generated by experimental data was measured by the ANOVA. This includes the tests for significance of model, their coefficients and lack of fit model adequacy.
Analysis of SR
Fit summary for SR suggested that quadratic model is significant for the study purpose. (adj.), predicted R 2 and R 2 > 99%, lack of fit is comes out to be not-significant, model P-value is < 0.05. The difference between adjusted R 2 and predicted R 2 is less than 0.2 represent a sign of good ANOVA. Another test for good ANOVA is adequate precision test which value is 96.008. This is the signal to noise ratio, value greater than 16 is required to verify ANOVA test. So, model obtained from the present research work verifies all test of ANOVA and gives a good model, which can be utilised in future predictions. The input parameters namely Ip, Ton, Toff, SV and interaction of Ton with SV have significant influences on SR as indicated by the associated p-value (less than 0.05). Figure 2 shows normal distribution of error along a straight line, which verifies the normality test for SR. 
Figures 3(a)-3(b) shows the noticeable influence of Ton and Ip on SR. It increases with increasing the value of Ip and Ton. Here, Ton is highly significant factor which can be proved by the sharp curve of Figure 3 (a) and highest F-value in Table 3 . High discharge energy due to high value of Ton and Ip results into overheating and evaporation of molten metal. As a result high pressure energy creates large size craters on work surface. The diameter and depth of crater increases with increasing Ip and Ton and hence increases the SR (Li et al., 2013) . Increase in the value of Toff; decreases the spark frequency and hence reduces the probability of gas explosion, as a result smooth surface with small crater size is generated. Increasing Toff value results in low recast layer as a result low SR is obtained (Li et al., 2013) . SR decreases with increasing the value of SV as shown in Figure 3(c) . Increasing SV increases the gap between work material and wire electrode that result into low ionisation of dielectric medium and hence low discharge energy get generated. 
Genetic algorithm
In the field of artificial intelligence, the GA is very efficient stochastic search technique that uses genetic operators to obtain optimal solutions without any assumptions about the search space. GAs are a particular class of evolutionary algorithms that use techniques inspired by evolutionary biology such as inheritance, mutation, selection, and crossover. GAs find application in computational science, bioinformatics, engineering, chemistry, economics, manufacturing, physics, mathematics and other fields. GAs are implemented as a computer simulation in which a population of abstract representations (called chromosomes or the genotype or the genome) of candidate solutions (called individuals, creatures, or phenotypes) to an optimisation problem evolves toward better solutions. An important feature of GA is that it searches several paths simultaneously starting with initial population. Each individual element in the population is called a chromosome.
Each chromosome can represent a feasible solution containing a sequence/string of binary or real numbers known as genes. During an evolution process, the fitness of every individual in the population is evaluated, multiple individuals are selected from the current population (based on their fitness), and modified (recombined and possibly mutated) to form a new population. In each generation, the current population is replaced by a new generation of chromosomes. The new population may contain both parent chromosomes and newly generated chromosomes called offsprings (Sharma et al., 2015a) . Crossover and mutation are known as the main genetic operators used to generate the offspring chromosomes. The crossover operation is a process of merging two parent chromosomes and formation of one or two new chromosomes. Mutation refers to a process of modifying the structure of a selected chromosome by arbitrarily changing one or more genes. A fitness function representing the objective function is used to evaluate the chromosomes. The chromosomes with high fitness among the parents and offsprings will be selected for the next generation. This process repeats until the satisfaction of the stopping criteria that can be either a limited number of generations are reached or no further improvement in solutions. Figure 4 show a flow chart for general scheme of GA evolutionary process. Psuedocode of GA
• Choose the initial population of individuals.
• Evaluate the fitness of each individual in population.
• Repeat until termination condition satisfied:
• Selection: Select the individuals with greater fitness for reproduction.
• Crossover: Breed new individuals through crossover.
• Mutation: Apply probabilistic mutation on new individuals.
• Form a new population with these off-springs.
• Terminate.
Optimisation of surface roughness using GA
ANOVA gives the percentage contribution of individual process parameter which significantly affects the process, but to find the optimal setting in the design space some evolutionary algorithm are required. So in the present study, GA is used as an optimisation technique for solving a bound-constrained optimisation problem. The regression models developed by RSM have been used as objective function and utilised in genetic programming. The upper and lower bounds of process parameters are identified by conducting experiments. When the objective function is optimised for the best value of surface roughness then there are different values of selection, mutation and crossover. The problem can be formulated as given below. The main aim is to minimise the surface roughness value. So, the objective functions: 
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The optimisation is carried out in GA tool box of MATLAB (Version: 7.6.0.324) environment. It is examined that the optimised setting of genetic tool is that the selection-stochastic uniform; cross-over fraction -0.6; mutation-use constraint dependent default and ratio -0.5; cross-over function -scattered and ratio 1.4; migration-forward. Best fitness value with number of generation and best range and fitness scores between individual plots are shown in Figures 5, 6 and 7. As seen in Figure 5 , value of the mean fitness decreases with increasing number of iteration. Function tolerance was found after 53 iteration number. The ranges of these 53 iterations are given in Figure 6 . Score values are indicated in Figure 7 , where the best SR value is to be finding 0.97717 μm. In this maximum number of individuals are found. The best (optimum) cutting condition leading to the minimum surface roughness is shown in Table 4 . Table 4 shows the predicted value of surface roughness obtained from the GA and experimental result with the parametric optimal setting as obtained from GA. Prediction are in good agreement with the experimental results because the percentage error of the predicted value with respect to the experimentally observed value for surface roughness is not high. Table 4 The optimum values of process parameters 
Morphology of machined surface
To analyse the effect of discharge energy on work surface, surface morphology has been studied using SEM micrographs as shown in Figures 8-9 . Figures 8 and 9 compare the topography of machined surface correspond to high discharge value (trial no. 8) and to low discharge value (trial no. 13) respectively. High values of Ton, IP and low values of SV and Toff results into high discharge energy (HDE) per unit time and vice versa. Therefore, parameters setting correspond to trial nos. 8 and 13 represents the high discharge energy (HDE) and low discharge energy (LDE). It is clear from Figure 8 that HDE results in the formation of overlapped and deep craters with large size diameters. High density of melted globules gets accumulated at the machine surface resulting into rough surface. Whereas the crater size and density of melted globules decreases with decreasing discharge energy as observed from Figure 9 . The HDE causes overheating and evaporation of molten metal forming high pressure energy that creates large size craters (Li et al., 2013) . At LDE with high value of Toff, melted material quickly flushed out without generating any exploding pressure in between plasma channel. Comparing the machining of Nimonic-90 with other materials like die steel (Kruth and Stevens, 1995) and tungsten carbide (Saha et al., 2008) , the density of micro-cracks on machined surface of Nimonic-90 is negligible or minimum. This is due to the absence of carbon elements in Nimonic-90 as confirmed by the energy dispersive spectroscopy (EDS) analysis for the trial no. 13 as shown in Figure 10 . Due to the absence of C elements in Nimonic-90, quenching due to dielectric do not cause micro-cracks in subsurface (Li et al., 2013) . 
Conclusions and future directions
In this study, RSM and GA have been used to optimise the process parameters for surface roughness characteristics of Nimonic-90 in WEDM. Face centred central composite design has been adopted to carry out experimental study. Using response surface graphs, the developed mathematical models are able to explain the effect of variables on performance characteristics efficiently. ANOVA shows that Ton is most significant parameter affecting the SR. The developed mathematical model by RSM was coupled with GA to find out the optimum condition leading to the minimum surface value 0.97717 µm corresponding to input parameters values (Ip: 90 Amp; Ton: 106 µs; Toff: 45 µs and SV: 50).
Using SEM micrographs, effect of discharge energy on surface morphology has been examined. Topography of machined surface of samples no. 8 and 13 corresponds to high and low discharge energy has been compared. It was observed that high discharge energy results in the formation of pressure energy in plasma channel resulting into overlapped and deep craters with large size diameters. SEM analysis suggests that using low value of Ip and Ton and high value of Toff; results into uniform fine surface. Nimonic-90 yields better surface characteristics with minimum sub-surface micro-cracks as compared to steel alloys and carbide materials.
Machining of Nimonic-90 with WEDM at optimised setting yields better performance and more economic as compared to conventional processes that proves the potential of WEDM in aerospace industries for machining complex and intricate shapes in hard and exotic materials. GA-based optimisation can be used for multi-response optimisation problems. Optimisation can be processed using different wire to investigate the effect of wire on machining parameters.
